Objectives: Repolarization-prolonging drugs induce torsades de pointes (TdP) in females more than males. The action potential plateau and the early afterdepolarizations that induce TdP are determined, in part, by L-type calcium current (I ). Therefore, we studied gender-
Introduction
death [3] . The higher propensity toward arrhythmias in females is associated with differences in ventricular repoThere are important gender-related differences in cardiac larization in the heart such that the rate-corrected QT rhythm and arrhythmias. Women have longer rate-corinterval is longer in females than males. rected QT intervals than men and are more prone to Previous research has validated the use of a rabbit model develop torsade de pointes (TdP) when taking drugs that that manifests gender-related differences in repolarization prolong repolarization [1, 2] . Similarly, in congenital long having characteristics similar to those in humans [4] [5] [6] [7] [8] [9] .
1
QT syndrome female gender is a risk factor for sudden This research has focused mainly on outward K currents such as I and I that contribute largely to phase 3 of Kr K1 repolarization [4, 5] . Yet, clinical and basic studies suggest 1 21 the inward Na and Ca currents that contribute to the (epi) and endocardium (endo) were cut from the base of action potential plateau also determine gender differences the left and placed in separate flasks. Cells were dispersed 21 in repolarization and possibly arrhythmogenesis. For exfrom the tissue strips by gentle agitation in low Ca ample, men have a greater slope of the ascending limb of Tyrode's solution and stored at room temperature. Experithe T-wave, consistent with differences early in repolarizaments were performed within 12 h of cell dissociation. tion [10] . In addition, phases 2 and 3 of repolarization are
Only quiescent, rod-shaped myocytes with clearly defined shorter in male than female rabbits [9] . Finally, L-type ends, clear striations and debris-free surfaces were studied. calcium current (I ) is important to the development of Cells were isolated from three to six animals per group.
Ca,L early afterdepolarizations (EAD) [11] . Thus, we have used the rabbit to test the hypothesis that there are gender-based 2.2. Solutions differences in I which are modulated by gonadal Ca,L steroids.
The internal pipette solution contained (mM): CsOH 125, aspartic acid 125, TEACl 20, Hepes 10, ATP-Mg salt 5, EGTA 10, pH adjusted to 7.3 with CsOH. The external 1 1 Na -free, and K -free bath solution contained (mM): 2. Methods CaCl 1.8, TEACl 140, MgCl 0.5, glucose 10, Hepes 10, 2 2 and 4-AP 2, pH adjusted to 7.3 with CsOH. This investigation conforms to the Guide for the Care and Use of Laboratory Animals published by the US PHS 2.3. Electrophysiologic studies NIH Pub. No. 1996 . Female and male New Zealand White rabbits were gonadectomized at age 50-60 days and Experiments were conducted using standard whole-cell implanted with 60-day sustained released pellets (Innovapatch clamp techniques and an Axopatch-1D amplifier tive Research of America) of placebo (PLA), 17b-estradiol (Axon Instruments). Pipette resistances were 1-3 Mohm (EST) or 5a-dihydroxytestosterone (DHT) 2 weeks after (when filled with internal pipette solution). gonadectomy (as described previously [9] ). Blood (2 ml) Bath temperature was maintained at 3560.58C. was obtained before euthanasia, and serum separated and Myocytes were initially superfused (2-3 ml / min) with stored at 2208C for analysis. EST immunoassay was via normal Tyrode's solution. Five minutes after membrane solid-phase chemiluminescence (Immulite Diagnostic 1 rupture the external solution was switched to the Na -and Products, Los Angeles, CA; sensitivity 20 pg / ml) and 1 1 K -free solution containing Cs . Cells stabilized for 10 DHT was measured by radioimmunoassay (Diagnostic min. Preliminary study demonstrated that run-down of I Ca,L Systems, Webster, TX) coupled with an oxidation / exwas minimal after 15 min of cell dialysis. Thus, data were traction procedure to remove testosterone; sensitivity 4 recorded 15-20 min after membrane rupture. Membrane pg / ml. At terminal study, all rabbits (aged-matched and currents were filtered at 5 kHz and digitized at a sampling weighing 3.0-3.5 kg) were anesthetized with sodium interval of 0.1 ms for whole-cell currents and 0.03 ms for pentobarbital (30 mg / kg, i.v.) and the hearts, excised.
capacitative transients, and stored on computer for off-line analysis. Cell capacitance was determined in the appro-2.1. Cell preparation priate internal and external solution for the ionic current being recorded by integrating the area under the capacitive The solution for cell isolation contained (mM); NaCl transient evoked by a 10-mV hyperpolarizing pulse and 140, KCl 5.4, CaCl 1.8, MgCl 1, Hepes 5, glucose 5.5, dividing this area by the voltage step. Cell capacitance did 2 2 21 and pH adjusted to 7.4 with NaOH. Nominally Ca -free not differ among groups (range 105-144 pF). Any cell Tyrode's solution was identical, but without CaCl , while with voltage error .5 mV introduced by series resistance 2 21 low Ca
Tyrode's solution contained 180 mM CaCl . for a current amplitude $1 nA was discarded. In addition, 2 Epicardial and endocardial myocytes were isolated by an unless a complete current-voltage and steady state inenzymatic Langendorff perfusion method modified from activation protocol were recorded from the cells, the data Tytgat [12] . The heart was first perfused with normal were not included in the calculation. Voltages were not Tyrode's solution (gassed with 100% O at 378C for [5] [6] [7] [8] [9] [10] corrected for liquid junction potentials. 2 21 min, followed with nominally Ca -free Tyrode's solution I current-voltage relationships were obtained using a determined by fitting the data points to a single exponential (OVX-PLA) had estradiol and DHT levels equivalent to function using a simplex method [14] .
control females. Placebo-treated ORCH-males (ORCH-PLA) had lower DHT levels than control males. Chronic estradiol and DHT treatment induced higher levels of 3. Statistical analysis estradiol in OVX-EST and ORCH-EST rabbits, and higher DHT in OVX-DHT and ORCH-DHT than in Data are reported as mean6S.E.M. One-way ANOVA respective placebo-treated groups. was used to compare single parameters between groups. For multiple comparisons, we used a nested ANOVA. and Dunnett's test when variance was unequal [15, 16] . guinea pig cardiac myocytes [20] [21] [22] . Only one Ca Significance was assumed when P,0.05. current, I , has been reported in rabbit ventricle [23, 24] .
L-and T-type calcium currents
In cases where there were no significant differences Similarly, in preliminary studies we did not detect I Ca,T among groups and the sampling size was small (n,6), (data not shown). power analysis [16] was performed to verify whether it was feasible to increase the n-values to test the hypothesis 4.3. and the Type II error of failing to reject the null hypothesis, we set a50.05 and the power at which we can Table 1 determine a difference between the groups to 95%. Under Serum levels of 17b-estradiol and 5a-dihydrotestosterone these conditions power analysis determined that with the
given sampling size of five cells / group we have the power Given that the sample distribution is normally distributed dihydrotestosterone, respectively. Hormone levels are expressed in pg / and given that the variance in the groups where n,6 is ml. Conversion to conventional units is pg / ml50.273pmol / ml. equivalent to groups in the same study where n.6 we *P,0.05 cf hormone levels of respective placebo groups. between epicardium and endocardium in females but not 4.5. Current decay time course males ( Fig. 2A) .
The time course of I decay was best fit by a Ca,L biexponential function as previously described [13, 25] There was no gender difference in the I transmural among all groups (Table 2) .
Ca,L gradient in castrated animals (Fig. 2B ). Estradiol and DHT had no effect on the age relationships of estradiol-and DHT-treated ORCHSteady state inactivation was obtained by a conventional males were equivalent to placebo-treated ORCH-and two-pulse protocol (see Methods). Current elicited by the control males. However, in OVX-females estradiol and test pulse was expressed as a fraction of the maximum DHT both restored I transmural dispersion (Fig. 2C,D) , available current from a pre-pulse hyperpolarized to 270
Ca,L such that I density in estradiol and DHT-treated OVXmV. For each individual cell, the normalized data were Ca,L female epicardium increased relative to endocardium. fitted to the Boltzmann distribution of the form: Moreover, epicardial I -voltage curves from estradiol Given that cell capacitances were comparable among and slope were compared (Fig. 4 , inset table) and used to control and castrated groups, the transmural dispersion in generate the continuous curve that fitted the average control females, and estradiol and DHT-treated OVXnormalized data for males and females (Fig. 4, left) . There females may result from increases in I channel density, were no differences in steady-state inactivation properties mono-exponential function, consistent with other reports tween endocardium and epicardium of all groups (Table [22, 26] . Fig. 5A is a representative illustration of the time 2). In addition, we did not find differences in the time Table 2 transmural differences observed. Boltzmann distribution of the form: Fig. 6 groups. However, maximal I conductance in female whole-cell conductance in epicardium than in endocardium Ca,L epicardium (0.1860.02 nS / pF) was 38% greater than in of female ventricle. This finding may explain the previousfemale endocardium (0.1360.02 nS / pF; P,0.05). Hence, ly reported gender differences in the early phase of I transmural dispersion in females is due to an increase repolarization on ECG in human subjects [10] . Further- transmural gradient in estradiol-and DHT-treated OVXWhereas gonadectomy, estradiol and DHT treatment had females. Additionally, pharmacological concentrations of no effect on I density or other I properties in males, estradiol increased epicardial I conductance in es-
castration eliminated the transmural gradient in females. tradiol-treated OVX-females that may also account for the There was also a decrease in OVX-female epicardial I increased epicardial I density and the transmural gra- However, these concentrations substantially exceed phyOur data on estradiol might appear at odds with some siologic levels of circulating estrogen (20-60 pg / ml) previously reported studies of estradiol (0.27-8.1 mg / ml), reported by us (Table 1) and others [18, 19] in male and conductance did not increase over that of endocardium in the presence of I -blockade could result in higher Kr suggesting no effect on transcription. That endocardial and incidences of EAD in females than males. Prolonged epicardial voltage dependence of activation differ in repolarization, transmural dispersion and EAD are imcastrated females treated with estradiol and DHT but not in portant for induction of TdP [35] [36] [37] . Thus, together these control females suggests that hormones alone can induce factors create conditions putting females at greater risk for the gradient, but via mechanisms different from those in proarrhythmic effects of drugs. normal females. That epicardial and endocardial whole-cell These conclusions are consistent with our previous work conductance differ in castrated females treated with es- [9] demonstrating that female rabbits are at greater risk tradiol but not with DHT treatment suggests that estradiol than males for dofetilide-induced excess APD prolongaand DHT may act via different mechanism to regulate tion, EAD and transmural dispersion of repolarization. The I . Furthermore, that estradiol and DHT did not modueffects of this I -blocking drug were reversed in castrated Ca,L Kr late I and that gonadectomy had no effect on the I males and females, i.e. ORCH-males were at greater risk Our results differ from those of an earlier study [30] in normal females was eliminated by gonadectomy suggests which single ventricular myocytes acutely isolated from the I gradient in females may contribute to the proarCa,L estrogen receptor knock-out (ERKO) male mice expressed rhythmic response to dofetilide. However, the parallelism elevated dihydropyridine receptor levels with corredoes not follow in males in that no I gradient existed in Ca,L sponding increases in I density and action potential normal males and gonadectomy had no effect on I in Ca,L Ca,L duration. These changes correlated with an increase in QT ORCH males. These findings also suggest gender differduration in ERKO compared to wild-type mice [30] . The ences in the regulatory mechanisms of repolarization. authors suggested that I channel density is regulated by DHT protects males against the risk for drug-induced Ca,L the estrogen receptors such that a decrease in estrogen excess APD prolongation and EAD [9] . That DHT has no levels would increase the number of I channels, effect on I in males implies that the protective action of Ca,L Ca,L altering cardiac excitability and the risk of arrhythmia. DHT is not through changes in I but rather that DHT Ca,L However, these data if applied to the clinical setting protective effects might be via modulation of other ionic suggest that premenopausal women should have shorter currents that contribute to repolarization. QT intervals and less risk of arrhythmia than men of the same age. This is not what is reported in the clinic [1] [2] [3] .
